Abstract-The localization of buried targets using Ground Penetrating Radar (GPR) is dealt with. The bi-static GPR is made of two identical Vivaldi antennas operating from 0.5 GHz to 3.5 GHz and installed in front of a sand box. The experimental data acquired in a controlled laboratory environment are validated by electromagnetic simulation. Then, both synthetic and experimental data are processed to detect the buried targets via three imaging methods. The targets localization is achieved from the GPR B-scan data. The results obtained via Stripmap SAR, Frequency-Wavenumber (F-K) migration and Kirchhoff migration are presented and compared.
I. INTRODUCTION
The use of Ground-Penetrating Radar (GPR) has been developed in an extended number of applications for many years. The GPR technique is used in geophysics and civil engineering to provide effective and accurate imaging of underground structures and for buried objects detection. It still needs development as shown by the recent COST Action TU1208 "Civil Engineering Application of Ground Penetrating Radar" [1] , [2] , [3] . Therefore, it is interesting to explore the GPR performance for estimating the target location.
The B-scan GPR radargram is a space-time image. It represents the chronological happening of the echoes due scatterers as a function of the measurement position along a line. Any scatterer contained in the measured region appears on the radargram as a hyperbola due the different travel times of the electromagnetic wave while the antenna scan along a line. The migration techniques are the traditional GPR imaging tools to focus the target signature onto its actual position. They provide a relatively high-resolution images enabling to localize the targets [4] , [5] .
Here, three imaging techniques results are compared: Stripmap synthetic aperture radar (SAR), Kirchhoff migration (KM) and Frequency-Wavenumber migration (F-K). We start with a single target detection and then we dealt with two buried targets very close to each other. The B-scan GPR data are obtained through the measurements in the Centralesupelec anechoic chamber and using the electromagnetic simulation software CST MICROWAVE STUDIO (CST-MWS). The same configurations are measured and numerically modeled in CST. The paper is organized as follows: in section II, the GPR scenarios are presented and the results of simulation and measurement are compared. In section III the imaging results of the different imaging methods are presented and, in section IV some conclusions are drawn.
II. GPR SYSTEM SETUP AND B-SCAN DATA

A. GPR system setup
The bi-static GPR is made of two identical Vivaldi antennas which are widely used for GPR applications. Its structure is shown in Fig. 1 . The two antennas (transmitter/receiver) are placed face to face and separated by 100 mm (Fig. 2(a) and Fig. 2(b) ). They are fixed via a polystyrene support ( r = 1) on a displacement system to move at the desired height and position. The B-scan data are obtained by moving the antennas along a line while measuring the S 12 parameters for 128 steps from 500 MHZ to 3.5 GHz (Fig. 2(b) ). Indeed, we have used a step frequency continuous wave strategy to acquire the data using the Agilent E5071B ENA Vector Network Analyzers.
The sand-filled wooden box is placed over a metal plate in order to eliminate uncontrollable reflections resulting from the support of the box and the soil floor. The sand is dry and its measured relative permittivity is almost constant around r = 2.53 between 500 MHz and 3.5 GHz. Two metal bars of the same length (L = 500 mm) and of various shapes -one of square cross-section of size D = 50 mm, the other of circular cross-section of diameter = 50 mm-are buried in the sand. Their positions and the sandbox dimensions are indicated in the front view scheme of GPR scenarios in Fig. 3 , where only the sand-filled part is depicted. The rectangular metal bar is horizontally placed at the center of the sandbox at a depth of P 1 = 125 mm whereas the cylindrical metal bar is placed at a depth of P 2 = 95 mm, the lateral distance between the two targets being E = 50 mm. The center of the sandbox is considered as the origin and the B-scan displacement range going from −200 mm to 200 mm with a step of 20 mm. The same configuration is considered in the simulation procedure with CST-MWS in which both the antennas and sandbox are modeled (3D model), the sand being considered as a homogeneous medium with r = 2.53. The measured and simulated B-scan data are inverse Fourier transformed to obtain the radargram. The time domain excitation signal is considered as a Sine-Gaussian pulse given by: where A is the normalization coefficient, τ the shift time, f 0 denotes the central frequency and the frequency range is determined by T .
B. Numerical and experimental results
Firstly, we study a GPR scenario with the square cross-section metal bar only. The configuration parameters are the same as in Fig. 3 . The S 12 parameter obtained by measurement and by simulation at x = 0 is displayed Fig. 5 and shows a good agreement.
The radagrams obtained from measurements and CST-MWS simulations are presented in Fig. 4 . The incident field is obtained by measuring or modeling the sandbox without the buried object. The scattered field is the difference between the total and incident fields. The total field radargarm (Fig 4(b) ) chronologically presents the reflections due to the air/sand interface and antennas coupling, then, the buried metallic object and finally, the bottom metal plate placed under the sandbox whereas, in the scattered field radargram (Fig 4(c) ), the reflection due to the sand surface and the antennas coupling disappears, only remain the signatures of the target and its shade due the metal plate.
In the second configuration, the two metal bars are buried in the sand as shown in Fig. 3 . The total and scattered field radagrams obtained using the measurements and the CST-MWS simulations are displayed in Fig. 6 . In this case, the signatures of two targets are overlapping, since they are close to each other, however a good agreement between simulation and experimentation is obtained in these configurations as well. 
III. GPR IMAGING FOR BURIED OBJECTS DETECTION
As shown in section II, the B-scan radargram delineates the scatterer as a hyperbola signature with a limited resolution. In this section, three imaging techniques are applied to attempt to localize the targets.
A. Stripmap Synthetic Aperture Radar (SAR)
Conventional synthetic aperture radar (SAR) imaging techniques are based on the convolution of the received data with the inverse of the point target response. The Stripmap SAR is a more sophisticated SAR-type algorithm, its formulation being found in [6] for example. A Stripmap SAR imaging code is developed and applied for our application either on the total field data or on the scattered field data. The imaging results for the single buried target configuration being displayed in Fig. 7 and exhibits a better signature of the scatterer.
The imaging results via Stripmap SAR for two buried objects configuration are shown in Fig. 8 . The imaging with scattered field data ( Fig. 8(b) ) shows a better localization of the two targets with respect to the one obtained using the total field ( Fig. 8(a) ). The similarity of imaging for simulated and measured data validates our measurements, therefore only the experimental data imaging will be shown hereafter.
B. Frequency-Wavenumber (F-K) Migration
Frequency-wavenumber (F-K) was first introduced by Stolt [4] . It is based on a scalar wave equation model and the final result closely mirrors the final form of the Stripmap SAR algorithm [6] . The F-K migration imaging of the single and the two buried targets configuration are shown in Fig. 9 and Fig. 10 respectively. The F-K imaging results are quite similar to the Stripmap SAR ones and are suffering from the interference between the two targets and the bottom metal plate. Furthermore, in both algorithms, the pixel size of the reconstructed image is determined by the frequency and space displacement step of the B-Scan. In our case, the space displacement step is fixed to 20 mm.
C. Kirchhoff migration (KM)
Kirchhoff migration (KM) is based on an integral solution of the scalar wave equation. It is performed by using the Kirchhoff integral representation of a field at a given point as a superposition of waves propagating from adjacent points and times [7] . Our KM imaging results are displayed in Fig. 11 and Fig. 12 . The focusing is achieved after applying the KM to the measured GPR data. Unlike the Stripmap SAR and F-K imaging, the pixel size in KM is determined by the end-user, leading to a better resolution of the images. 
IV. CONCLUSION
In this paper, B-scan GPR data are obtained via either measurement or simulation in buried object scenarios and a good agreement between them is achieved. The synthetic and measured data are then used for GPR imaging using Stripmap SAR, F-K imaging and Kirchhoff migration and preliminary localization of one or two obstacles has been achieved. The presented imaging techniques does not provide any information about target shape and/or extension and are a first step toward some advanced imaging techniques such as an Enhanced Linear Sampling Method already developed by the authors in a free space configuration [8] , [9] and currently under extension for the GPR application.
